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PART—THROTTLE 6PERATION Aun GONTROL 0F A

PISTON—PORTED WO—STROKE QYLINDER ’ﬁ_*-.ggj e

| BJ A. k. Rogowski and G Fayette Taylor

’suﬂHARY'

. The single—cylinder piston—ported two—stroke engine .
deséribed in Techpical Nobte No. 674 was used %06 investi—
gate means of. obtaining reliable. opexation upder 1d11ng ’
conditions,- The fuel—consumntion characteristlcs of the
. engine were. also studied over the useful range of spee&s,l
and loads, using several different fuels. .Fuel was sup—
plied }0. the engine us vapor mixed with the inlet air and
also. by direct injectlon into the cylinder..

- Wlth Iuel 1nJection 1nto the cylinder, it was found
possible to idle satisfactorily, the only adjustments .~
necéssary wers scavenging pressure and fuel rate. Fuel
consumption with injected fuel was comparable with that
of. small four—strpke aircraft engines, . A specific output
of '8, 73, nev brake harsepowa_ pey square inch of piston
aresg, was;obta;ned at. an engine speed of 1860 rpn perL _
minute'and a'scavenging ratio. of.1.4. o My e i
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' INmRoDUGTION . . . i

Previous work with -the piston—-ported engine described
herein was Tor the purpose of determining the practical L
limits of scavenglng efficlency for this form of cyllnder I
in order that its optimum performance might be- compared
with the performance of other engine types. Tests were
made first with various inlet— and exhaust—port timings
and with many inlet—port shapes: and arrangements (refer~ N
ence .1). With the optimum port timing and arrangements =~
determined by the first series of tests, a second series -
was made to determine the optimum piston—head and cyl1n— .
der—head shapes (reference 2). P .
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Nearly all of the runs referred to were made at
relatively high rotative speeds (1200 to 1800 rpm) and B
at a scavenging ratio of 1.4, Little. information was
therefore obtained relative to the perforiarnce of this
type of engine when operating at light loads, that 1s, -
at low scavenging ratiocs, low rotatlive speeds, or & com—
bination of both. Such combinations would be encountered
at part throttle with propsller load and theérefore would
be of importance in connsction with the cruising and 1dl—
ing operation of an airplane engilne,

At low scavenging ratios, the percentage of residual
goses present in the combustion chamber of a two—stroke
eylinder may be several times a8 gregt as in a four-stroke —
cylinder operating at the same fractlion of full locad. In
the c¢ylinder of a four—stroke engine, the residual gasses
cceupy only the clesarance space. In the cylinder of’la two—
gtroke engine the residual gases occupy the .entire cylinder
volume before the fresh charge enters, and at low scaveng—
ing ratios only a smuall fraction of these gases is pushed .
out- by the incoming uvharge. The presence of this large
fraction of residusl gas is 'often the cause of the irregu—
lar combustion, misfiring, or prelgnition’ of the entering
charge,  which has beer characteristic of many two—strokse
spark-ignition ernginee operating at light loads.

The present investigation was'undértaken principslly
to detormine means of obtaining reliable and regular
operation at light loads, particularly when combined with
low speed, in this type of engine. A second object of the
work was to determine the fuel—consumption characteristics
of the engine with particular reference to loads and =
speeds corresponding to cruwising operation. Several adif-— : -
ferent fuels and systems of fuel supply were used. '

This investigation, conducted at #ie Massachusetts .
Institute of Technology, was aponsored by, and conducted-- T
with financial assistance from, ‘the Natlonal Advisory '
Committee for Aeronautics:’ : ’ )

GENERAL PLAN OF TESTS . . . - . .

Since the primary object of previous tests with this:
engine had been the study of scavenging efficiency, most
of the prevlious work had been carried out with a mixture
of fuel and air for scavenging. This procedure naturally
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involved  aW appreclable loss, of- fuel from the. e;hauet N
porte .with: consequent high: speciflc fuel consumpﬁlon,a_”.
In. the. present series of. tests, runs. were made not only
with carburseted migtures of this kind bat. also w1th fuel
*njectlon directly 1nto the cylinder.

s -~ 1".

Runs .wera made over. a range 5 speed and load uf— )
fiCIent to cover the probable useful range of an engine
of this kind with thse following fuel and fuel—system
combinations: - . _ ) - —

.l; Illuminating gas 1ntroduced into EE_'air supply
. near the inlet ports. .

2. Vaporlzed gasollne 1ntroduced 1nto the air sup—
- Ply.near the inlet ports.

ws b oa

b

3, Gascline injected diredtly into the cylinder*'
after completion of the scavenging process.

4, Safety fuel in;ected directly inte the cylinder
afuer completion of the scavenging process

o . R - .. . s = = . . - i

'b'nr"m_'imi'oré"’“ TR

In order to'afodd'cbnanfon}’eeve;al terms used in
this report are defined:

Sc venging ratlo,'as defined in references N and 2,
is .thé Tatluy of the voluilé of charge at inlet ‘density’
passing through the cyllnder'per stroke to the piston ’ _
displacement,,“‘ ST

e - . -t an - - .-
L . : K Tt -~ . -.,----—— - - g

3 . ora
-

Scaveng:l.ng efficiency 35 the ra.t:.o of uh.e w‘e:.gh'b of freeh

charge retained in the cylinder per stroke %o the product
of . totai cyllnder volume and inle% . den51§y.' Inlet density
was . taken a8 75 B and 29 g2- inches of mercury 1n every
ease, '

L TP S e

oAl - N < or s
.- - - ae - x e - PR - E - - : - -

o Gross brake megn eifective pressgrg 1s defined as ﬁhe
brake mean: effectlve ‘pregsure. calculated frcm the. dxna—7
mometor:brake-load when. fthe. scavenglng hlower is drIven
by.-a separatq source of poyer._n
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Net Yrake mean effective;praseurg is calculated by
assuming 70 percent adiabatic blower efficlency and sub—
tracting the resultipg blower mean effective pressure from
the-ehgine gross brake mean effective pressure,

Scavenglng pressure dlfference is the differencse.

between the scavenging pressure and the pressure in the
exhaust surge_ tank. e :

l{iixture volumes or air quantities are the volumes

supplied to the englne per minute and are measured ian
cubic feet at 75° F and 29.92 inches of mercury. Thess
conditlons existed at the inlet to the scavenglng_pumps.

A Wk e s e e —— me e 4 e A S n

Fuel rate is the rate of fuel flow to the engine in o
cuble centimeters per minute. C : : -

Sneciflc fuel consumption is the number of pounds of ' i
fuel -conpumed by the engine per horsepower hour “of outpub.

Proneller#lOad is a curve of horsepower reguired
which is assumed to vary as.the .cube. of the engine speed.

. .DESCRIPTION OF APPARATUS- .

Engine.~ The cylinder used.for thie: work Ls shown in

figure 1 and is. the one described in- detall in reference 1.
Brlefly, it is a. piston—ported. two—gtroke cylinder of

43—inch bore and 6—inch stroks. It consilsts of an outer

barrel into which a longitudinally split cylinder sleeve

fits,, One. half of this sleeve contains- the inlet ports;

the other half contains the exhaust ‘ports.. .. The port tim— .

ing may bé varied by sllding bne 0T the other half up or

down-in the outer: barrel and 1ock1ng it in. the desired - . :
position,: The. 'shape ‘of any of the ports may be changed o ’
by means of removable inserts. The cylinder head 1is simi—

lar to an inverted piston the skirt. of which extends out

of the" to}  0F the eylinder - bore and includes 'a flange for
bolting it in p081tion. The compression ratio’ may . be. o
changed by sliding the head up 6r ‘down in the cylinder. ) ’
The inlet and exhaust passages are’ partly Gontained in the
outer barrel,
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The piston is made of gluminun, .81lkoy and has edges
rounded to a. 5/8~inch radius: Tha sﬁape is shown as ¥No. 4
in figure 7 of reference 2. The cylinder head is the
standard cast—iron shallow spherical .dgsign shown as B
in figure 8 of .nefigrsence 2. The pcrt arrangement used is
the one designated B in reference 1t The comﬁination
of port timing,. . port arrangement pision and cylinder—
Lead shape used. in: these.tests was the combination that
had besen found to‘give optimum full—lqad performance in
the previous investigatinns. .

N P ' - .- -
B
v i Bl s e

A bBeavy cast—iren crankcase was used~yith ceunter—
weighted - crankshaﬁtﬁ_ :Water and oill pumpg were . separately

driven.'by electrie—mptors. . criw oz ieom Ll
"-'q - ekt = Do
Auxiliarz aggaratgs.— Figure B(a) is a schematlc lay—

out of the engine and its acceseorleSFBet up £or spark—:
ignition gperatien.on- illuminating - - I Ehe-setnp was
similar %0 that deseribed in references 1l . and '8 éxcept for
. the addit¥anal gas—mewsiiring equipment; reguired becanse.
of the widg range: QﬁﬁgaS—quantities to o moasured. Gas
and air wel'e. separately measurbdd,’ andqsupplied by eeparate
blowers. Largé. sarge: tanks were "usediinsboth inleY anﬁu;
exhaust eystems to:preveht dynanmic effecte that might in—
terfere with. the geavedging process, The~air. measurements
were made Hlth a'standard orifice box~atjached to the air—
blower” inlei . Bigh rates of flow of ilduminating %as were

meaeuréf with a-pitct tube in the gas :limsey ‘the pitsy. tube‘

wak talibigted against the larse in&ustrial gasﬁneter._
Intermediate flows -were indicated by means:of approprlate
calibrated orifices inserted in the gas line, and” very
gemall qaantities were. read directly from:the: shall gas
meter. Carbon dioxide under pressure was us&d +g quicdkly
extinguish backfires im thé 1nlet system.,: Bdckfiring was
often encountered -when unVestigating performance with
lean miztures, retarded wypark;* or] Very low scavenging
ratios. Normal firing couwld %é immediately'fneestablished
without stopping the engine~or ae blowers by~ introducing
a small quantity of | GO by meane of a quxckkactlng hand
valve. - . . T:u“- - -

e e S B L
- - i .

The 'sefup for vapeﬁized gasoline (fig..z(b)) was
similar "to that used .with illuminating gas. except that
provision was magde for'measuring the fuel ratle voth volu—
metrically and’ by meays: ofia: Rotameter.ﬁ Thpgasoline was
completelv vapprized by paSsing it through &, steamhjacketed

.....

A yol .
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water jacket. For a given set of running conditions,

the volume of auxilia¥y sair supplied to the vaporlzing
tank was the Bame as the volume of illuminating ga8 pasg—
"ing through this part of the system in the earllier tests.
The main air-sapply system wag the same as before, and
the total volume of gas passing through the engine was
also the same at the same running conditions (neglecting
the volume of the vaporized gasoline, which would amount .
to about ‘2 percent of the total volume). The performance
of- the engine under thése conditions should represent
that obtainable with gasoline under conditions of very
good carburetion and distribution.__h

_ Figure 2(c) is a diagram o6f ‘the setup used wlth 1ne-
'Jected fuel, The total air supply was the same as befors,
except that all the air passed through the main air system;
the. rates of alr flow was measursd with the orifice box at
the inlef to the blower. The fuel was supplied under a
pressure.of about .20 pounds. per Square inch and was megs—
. ured in a fuel burettey whieh. ‘nad an air dome to balance
the fuel Pressure,. - Instantaneous readings ‘of rate of
fuel flow werse: taken witH ‘= Botameter. The fusl pump was
s standard two—cylinder Bosch pump with' cams set at 180°.
The pump was operated at half engine speed, and fuel was
pumped from alternate pump cylinders onee per crankshaft-
revolution, UThis sBystem ‘was chosen because punp operatlon
ig more reliable at low pulp- - speeds, and it was further
desired to bry- the effect  of inJecting fusl on alternate.
engine powar. strokes by cutting out,bdne of the pump ¢ylin—
ders, -The.spray nozzle used for most of the tests was a.
13°" Bosch pintle type, whith was chosen for Llow penetrw—
tion and good atomization, -The nozzle was located on .
the inlet side of the cylinder head with its axis parallel
to the cylinder bore, so that 1t would discharge downward
into the upward blast of . -8cavenging air. With the fuel
pump operating at -half . engine speed, .the. injection period
occupied a .relatively. large number of crank ‘degrees, ~ -
which probably eaused most of the air in the cylinder to
vrass through the spray during the injection period. It
was thought that the homogeneity of the charge would. be
improved in this way over that obtained by injJecting the
fuel in one short burst early in the compression siroke.
Pigure 3 is a photograph of the engine setup for ocylinder
injection,  The injection nozzle may be ssen in the oylin-—
der head, and_the fuel . pump-is in the left foreground,
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TEST PROCEDURE

fitn lllumlnatlng gas’ and vaporized gasollne, changes
in the fuel=air. ratlo and spark advance wéreé found neces—
sary to reduce the .mesn effective pressure sufficiently
to :reach;.the idling range on a propeller—IOad curve and
at the same time %o preserve satlisfactory engine opera—
tion without misfiring or backfiring.  With fuel injec—”_
tion, backfiring was not experienced, and ‘it was found
that idling could be best obtained by leaving the spark
advance at 14° B.T.C, and reducing the guantity of air
supplied by reducing the scavenging—pressure difference.

nnglne speeds between 150 ‘and 1800 rpm were 1nvesti—

gated, Scavenging ratios greater than 2.5, or engine
conditions. requiring 'scavenglng pressures exceeding 18
inches of mercury, were not considered of interest. Ex—
_cepb., for. idling condltlons, the Spark advance was mein—
tained constant- ab 13°% %o 140 B.T.C. For.all runs, the
pord. timlng was 52° %o 55° “B,B,6. for the " inliet and 65°.
B,B,0, for the exhaust. These values had’ previously been
found optimum for most conditions of operation with i1~
luninating gas. ‘Pressures in- the exhaust surge tank were
virtually atmospheéric. Tompression ratie, Based on ths.
full stroke, was 7.0 for all runs.,-

Illuninating gas.— Runs with iilumlnatlng gas were
made . at a fuel—air ratio’ of 0.227 by volume, which was

found to0 be the best—power mixture, .The mixfiure: volume ;
supplied to the engine was held constant ‘during each zrun,
and the engine output was determined over a sgries of I1n-—
creasing englne speeds with consegquent decreesing‘scav—.
enging ratios,--With large mixture volumes, each run
started at an engine speed resulting in a scavenging ratio
of 2,5, and continued until ‘an engine speed of 1800 rpm
or a required .Bcavengilng pressure of 18 1nches of mercury
was exceeded. ,With low.-mixture volumes a low spesd of

150 rpnm could ‘be used without reachlng a scavenging ratio
of 2,65. '.The high _apeed thén was llmited by erratic en—
gine'operauion, which. usually occurred when %the scaven—
ging ratia._fell below ©.25; PO o T

-
PRI

' Vaporized gasoline.— Test procedure with the vaporized

gasoline was similar-to that" with ;lluminating gas. The
fuel—air ratio was heli constant at 0, 075 a velue that was

. .
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found by means of- preliminary'rnne to correspond o best

power under conditions of medium to full output. Fuel _
flow was" controlled by-a needle valve in the gasoline =
line to the vaporizing: tank and was measured directly by

neans of a carefully calibrated Botametsr, "The fuel

useéd ,for the 1dling ‘runs was an unleaded domestic avia—

tion. gasoline of abosut 74 octane number. With this fuel,
detonation con51stently occurred, above scavenging ratios

of 1.4 to 1.5 and seemed to be.a function of scavenging

ratio alone. In order to- eliminate this effect the fuel

for. the runs at high scavenging ratio. was changed to a

leaded aviation fuel of 100 ochtane number'(lrmy-method
spacificgtion 92 2). Check runs under conditions where
detonation was dabsent showed no dlffererce in engine per—
formance with these fuels.. . S

, During the 1llum1nating—gae runs enough leakage de—
veloped between the.inlet and exhaust bort sleeves to
affect somewhat the shgine performance at very low speeds.
For ¥the vaporized: gasoline, and all subseguent runs, the
two, halved of-the sleeve.were. clamped tightly together
by set “derews dnserted in the outer cylinder barrel, and ]
otll: was pumped “into the space between ¢ylinder 'sleeves : -
and outér - barzel: to serve as a. seal at this Joint, Indi-
cator cards showed that thle procedure wae effective in
elimlnating the leakage. ) SN .. N

Injected gasollne, 'When fuel ie injected directly

into ‘a two~stroke cylinder during the ‘compression stxnoke,
in an attempt to prevent fuel loss’ during scavenging,
fhomogenelty of the oharge must be established within

less than 180°%:0f ecprank. travel, This requirement usually
necessitates a very carseful ‘choide of. injection timing,
nozgzle poeltlon, and nozzle—spray characterlstlcs.

) Preliminary runs te determlne best spar£ timing wers -

. made at 1800 rpm and a scavenging ratio of 1.4, which

might be ‘consldered rated speed z@nd output, with the

_ start " fukl injection taking place 5 before the ex— ¢
haust norts clrosed; that is, at 240 A TP, Spark ad—

vance was not critical and was optimum at about 14°

. B,T.C. ., With spark set at 14° B.T.C., the injeetion’ -

. tlmlng was then variled, ‘keeping .the fuel rate constant. '

" Optinum injJection: timing was fpund 40 be 200° A.T.C.

(See ' figs, 14 and 1B). Engine performance was not af—

fected by wide variations in injection pressure or by

& change %0 a nozzle with a 30° spray angle.
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. With a given air quantity, runs were made at each
speed and scavgng*ng ratio at several fugsl' rates to ob—
tain best Power and minmimun specific fuei consumption
at each scavenging ratio, englne speed and ailr quant;ty.
This proce&ure wag necessary because the fractlon of air
retained in the cylinder in each instance, as well as
the homogeneity of the mixture, was unknown., The fusl
rate was held constant during a Tun by watching the

rotameter and adjusting the pump control. (See fig., 2(&)).

Since the rotameter calibration was somewhat affected by
the frequency of the pump inlet surge (in spite of the
use of a small surge chamber with neoprens. diaphragm) the
actual fuel rate was measured sach timeé with a burette.
and a2 stop watbtch. In all other respects the runs werse
similar to those made with vaporized gasoline.

the 1njected safety fuel was 51milar to that for ths in—
jected gasoline. Preliminary runs were. made t6¢ find
optimum injection timing, A range of fuel rates was in—
vestigated at gach speed and - ‘8cavenging ratio.for each
air quantitr.

The safety fuel usad was: 95 actane number, with a
flash point of 105° ¥, initial boiling point  of Z07° -F
and end point of 380° F, The fuel had a tendency to Iorm
carbonr in the combustlon space, This deposit had to be
periodically removed %to prevent detonation and preigni—
tion, at low speeds and high scavenging ratios,

o RESULTS AND. DISGUSSION

Illumlnatlng Gas

-

. ?rellmlnary rins . — Elgure 4 is g plot.of the varia—
tion -of gross-brake mean. effectlive pressure with engine
.speed .for -various mixture volumes and represents the data
as taken., As the 'engine’ spesd. is’ reduced, with-a constant
mizture volume, tliere is an increase in grosg brake mean
effective pressure-due. to inéreasing scavenging ratio, .
which results in inereasing scavenging efficiency. This
effect is not so noticeable with large mixture volunmes
because scavenging is:fairly complete at 'sll speeds. The
brake mean effective presgure is .seen.to fall off at: low
engine speeds because the spark advance and port timing
are no longer optimum, and the loss in thermal and scav—
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enging, efficiency from these causes is.greator than the
inprovement due to incroased scavenging ratio, -

-

From the elementary theory of fluid flow:
M= K:L.A v pAp

vhere -

M- =#eighﬁ-af gas per uni% time

K, ~constant-

A port area -
p -+ density of éas T
Ap required pressure difference across ports

With constaﬂt inlet temperature, p would vary with "

Ps, the scavenging pressure; therefore under steady—
state flow conditions - : _

=
Ky A% Dg

Since for a constant scavenging ratio, the welght
M 1s proportional to the“engine speed, it would be ex—
pocted that the scavenging-pressure difference required
to force a constant weight of charge through the ports
during the scavenging periocd (that is, to give a constant Ce e
scavenging ratio) would very with the square of the en— '
gine speed. This effect is seen to be nearly true from
Tigure 5, in which the scavenglng—pressure difference re— '
quired (with atmospheric exhaust pressire) is approxi—
nately proportional to (rpm)}®‘® at higher speeds.. MTwo
operating factors present affect the required pressure v
difference. : ' : :

K

- l. The increase in 'pg ~associamted with high “Ap
tends %to reduce the required pressure differences.
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2. The inertia of fthe gases nay tend to increase
t-c reguired pressurse. Since the flow im thse. inlet sys—: -
texm is starfed and stopped once éach engine. revolutiony -
at high eugine. speeds the- average ‘cas" velocity: for the-
entire. scavenging period may be -only a -fractlon’ of~ the.
equilibr;¢m Suatlc—flow‘velociﬁy ‘corrésponding to the .
LD avgllgblﬁ._ This ePfect is”a function of the englne
speed and’ the 1en§uh of“ths" iﬁlet system and’ is pre-
dominant dia tgis engine,_lt causes +he. réquired saavenging—
nressure difrerence to -inmcreabe more Tapidly than the - o
square of the speed. This effect is clearly shown in figh
ure 6, where it may Dbe seen that the pressure dlfferance
roquired to force' a “constant welght of ‘gas -through the
engine: pef'uﬁit of :time, “Ingreases with .speed.  As- the in—
let ‘pipe from ‘the stirgs tank ‘to the -engine .is- quite short, .
it is £L%: that g similar effedt would be found in most .
two—stroke engines. ‘Plie. absence. of ‘resonance peaks -in the .
alr fXow is "to be noted 1n the straightness of the 1ines
in flgure cr--‘ - L : .

- From the rsquired scavenging—pressure difference and
mixtura volumes, tle scavenging mean effective,pressures .
were calculdaed (see reference 1), assuming an adiabatic .
efficiency Zcr the blower of 0.70. The net brake mean
effectife 'priessure-ohtained -by- subtracting this ‘value -from
the gross brake mean:. effechive- :pressure. is plotted against
engine:spedd in figure:7-for various. scavenging ratlos.._-
The %ines of comstani’ scavenging ratio may be considere& .
roughly =s”lines of consbant;throttle position,. since a. ..
geared cvntrifugal. hlewer, would supply scavenging air at .
pressures -approximately proportional -to. from)®2,. or. almost o
enough Vo maintain constant scavenging ratio. The co;re—_n,
sponding 1lines of -constant mixture yolume  in, _cubic. feet - .
per minute, measured at 75° F -and 29.92. 1nches -of mercury
ere also indicated. An airplane @ropellerdlcad curve
drawn thkrough 80 net bdrake mean effective pressure abt
1800 - rpm. is superimposed on- the. ploﬁ¢ R I S, -

It may“oe pbsexwed from thls plot that 1;ttlé addi—
tional output is obtained in going from a scavenging
ratlio of 1.4 to s scavenging ratio of 2.5.

The curves of net brake maan effecblve pressure
against engine speed at. constant, scavenging ratio.are
roughly-horizontal ab the higher engine speeds, indicat—
ing.that. scavanéing effiniency improves sufficientlf with
engine speed to .offset . the inorease in friction angd blower
horsepowey,.

T T s el e e e e
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As seen in figure 7, at a scavenging ratioc of 0.4
(and -a. scavénging pressure ofabout 0.5 in. Hg), the
engine epedd on' a propeller—lodd curve was still about
120G rpm. With lower mixture volumes, the engine would
rot.run -at: spédeds. high enough (soavenging ratlos low
enough) to cause the engine—~power—curve to cross the pro—
peller—load curve. "In arder to operats under the idl-—
ing conditions it was therefore necessary te reduce
either . .the power developed at a given scavenging ratio

-or the- scavenglng Tatlo at which engine operation became
unsatisfactory.

Idling runs.—-With normal 14 "B.,T,C. spark advance

and O , 227 fuel—air ratio, backfiring into the inlet Bys—
tem wouléd- always occur when the scavenging ratio dropped
to about 0,25, The lowest. mizture volume tried under
these conditions (fig, 9, dashed lines) was 4,91 cubic
feet per minute, at which backfiring eoccurred at speeds
above 220 rpm. The brake mean effective pressure dew=’
veloped wes 16 pounds per square inch, which was far
above the propeller—load curve at thms polnt, The scav—

enging—pressure &iffarence required was 1. 7 inches of
water;. o

Wlth the mixture vqlumes from 4. 91 to 18:4 cublc
feet peér ‘minute, firing was fairly regular until back-—
firing occeurred at a scavenging ratio of 0.25. There
was -1ittle mlsflring, but some prezgnztlon of the fresh
charge'occurred after ‘the inlet ports -closed. This pre—
ignitidm could be detected by rough .running, and the
engine would usually fire regularly for a few seconds
after ‘cutting of f the ignition, . The preignition was
evidently eaused by afterburnlng in .the.cylinder because,
with ignition turned off, flrlng would not resume after‘
a8 single nonfiring stroke.

Four—stroke rups.— In order to reduce the power out— .

put at low scavenging ratios, there was devised a special
ignition oilrcuit that. would fire- on'alternate revolutions
if desired,. ' y

This method proved to be of little value for two
reasons., At the lowest mixture volumes, only a small re—
duction in brake mean effective. pressure was realized be—
cause a ‘considerable fraction of the small scavenging .
charge entering the cylinder for the nonfiring stroke re—
mained there and was supplenent ed. by the fresh charge
blown in for the Ffiring stroke. Thus, the effective scav—
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enging ratio.was ralsed and néarly =as much energJ was "
llberatedxper revolutlon as before. At the higher eh—fm

gine speeds the fresh charge of the nonfiring stroke was
'ignlted by the residual gases of the firing stroke, fwoﬂ
stroke operatlon could’ therefore not be prevented and
littls 'or no reduction in power could be obtalned ;hese
effects are shown 'in" figure 8(a). The curves for four—
stroke operation are discdontinued at the point. .where guto—
matic two-stroke operation started. Four—stroke runs,

made with advanced spark in the hope that afterhurning

and preignition might thereby be prevented, produced no
improvement,

With normal Fwo—-stroke ignition, preignition seemed
to oeccur at speads 'slightly higher than those at wvhich
preignluion occurred w1th four~stroke 1gn1t10n.

' nffect of fuel—alr ratlo.— Runs werse nade with mix—

ture'volumes of 8.6 and 18.4 cubic feet per minute with S
normal® spark advance and abnormally rich mixitures., The
power was not greatly affected, as is shown in figure 8(b)
At the higher speeds znd lower scavenging ratios, the
normal - fuel—air ratio resulted in smooth running until
backfiring occurred at scavenging ratios of about 0.25,

The. vich’ mixtures didq not backfire, probably owing to
their lowér flame temperatunes, but misfiring would ocour
at, scavenging ratios below 0.6 and sometimes at ratios.
conesiderably higher. Abnormally lean nixtures caused.
backfiring -into the inlet system at ‘such high scavenglng
ratios that formal runs were not attempted.

Bffeot of spark mdvince.— ¥ith normal, fuel—air ratio,

a retarded spark reduced the power but caused backfiring
even at’ very low engine .speeds, An .advanced spark re—
duced englne power at low engine speeds and renoved the
backfiring" limltation at the higher speeds, Poweér at the
higher- speeds tended t0 be independent of. spark advance,
probably ow1ng to prelgnltlon.h (See fig. 8 c)

It was fel% ‘that the mlsfirlng associated with rich
mniztures was obgectlonable and that perhape lean mixtures
would give the required reduction in power without baclk—
firing ‘at the higher sneeds, 1f. used in conjunction with
an advahced - spark, ~ This’ combination appeared 0o be suc—
cessful, as shown in figure 8(d). A series of i41ing
runs was therefore made at a spark advance of 45° B:T.€s T
and a:zfuel—air ratio of 0,143. Hixture volumes werse "
varied from 18.4 to 4.3 cubic féet per minute., AL the
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1owest-mixture'molume,-jhe.prOPellerrload_curye was- erossed
at 340 rpym. No backfiring was exXperienced throughout the
runs. The results are shown in figure 8, with the values
for narmal spark and hormal fuel—alr ratio also given for
comparlson. Mlsfiring occurred at’ the lowest scavenging
ratlos, and the curves are discontinued at the points’
where good .brake readings became .difficalt to obtain, .

The angle.at which fhe curves of. engine mean effegtive,
pressure cross the propeller—load curve’ indicates a bigh
degrae of speed stabillty.

Vaporized Gasoline

Preliminarv rﬁns.— Prellmlnery fuel—alr TUns were

made with a spark advance of 13. 5 and 8 scavenging ratio
of 1,4 at 1270 rpm. This curve is shown in figure lO(a)
The best power fuel—air ratiec was found to be approxi-
mately 0.075, which corresponds to the value generally
found for. four—stroke engines with good cardburetilon.
Runs then were made with a fusel—air ratio of 0,075 and
various spprk positions ‘to determine best power spark
adjustment., Spark advance was not .critical, as’ nay be
seed in figure—lO(b), and the best power spark advance
'appeared t0 be about 12 "B.T, G For subsequent testa,

s sparl advance of 149 B.T,¢. was used as being comr
duecive to gaod . operation at the higher engine speeds,
The. change 1nopower due to using a spark advance of 140
. instead of 12 B T. G. is within -experimental error.

The grose brake mean effectlve pressure developed
-with gasoline. ls. shown in figure 11l. . The curves-are of
the. Same general shape as those obtained with illuminat~
.ing gas bubt are about 16 percent higher owing to the
greater heating yalu'e per cubic foot of charge. Wiﬁh 74
cctane fuel, detonatlon . was .encountered. at scavenging
ratios above 1.4 or 1. 5.  The engine could therefore be
operated on. this. fuel over most of 'the propeller—load
curve, Octaslonal detonation was experienced at high
engine speeds and relatively low scavenging ratios, This
detonation was prohably due to pre;gnition. Singce. the
g8tudy of detonation in this engine was beyond the scope
of this investigation, detonation was prevented at. the

. highpr scavenging ratios. by changlng to a leaded aviation
fuel of 100 cctane number.



NACA Technical Hote Ho. 9}2_ 15

- = e e

The scavenging pressures required with the gasoline—
Tair mixtures ‘were sllghtly hlgher than "those. with’ ‘i1lumi—
nating gas ‘o't tHe ‘Bame ‘scavenging ratio’ ‘and’ speed.” This
"effect may be "&us - 56 higher pressure in the cyllnder at _
the time ‘th'e¢ inleb port opens. - It is, therefore, Possible
that & somewnaﬁ Tater inleb or ‘¢éarlier exhaust opening -
would be optimum zor operatlon on gasollne—air mlxtures.

= = L.
ﬂet brake mean effective pressure at constant scav—
enging ratios and constant air guantitles is shown plotted
against engine speed in figure 12 with a propeller—load
‘curv.ie ‘superimposed. . .-With a scavenging ratio of ‘1.4, &
.ref-brake mean effectlve pressure of 100.-pounds per square
_ineh was developed at 1800 rpn, The ' correspond1ng scav—
enging pxessure wag 14,7, 1nchee of mercury. rHhe general
shape 0f ﬁhemacurves is very similar - to those for illumr—
nating gas shown in flgure 7. ' o

Idling runs.w Ls with 111um1nating gas, special
meens had - to be founﬂ to keep the engine running steadily
at outpuls and. §pee&s corresponding to the lower portlon_
of Hhe- propelleraload curveé.. This résult may be seen in
flgure 13(&), Whlch Shows rups’ ‘made With the normal spark
’advance of 14 B.l.d; and a. fuel—air ra%io of 0. 075 '

In figure 13 the curves ars plotted for small alr'
quantities. TFigure.1B(a) shows that, with normal spark ]
timing and fuel—air, ratio, as the load is reduced and. the
"speed allowed ﬁo rise operatlon beconmes, unsat;sfactory
before the mean effect1ve pressure is sufflciently reduced.
The dashed portion of . the curves indicates the region of
Iairly steady funning with Iour—stroke and g ix—stroke

operation, "'The curves end where good brake load readings
could not be obtained,

"With an actual propel1er load, figure 13(a) shows :
that Satisractory operation could be obtained down to
950 rpm by throttling to an.air quantity of 18.4 cubic
feéot ver minute, with a scavenging pressure of 0.7 inch:
of mercury required. With more throttling, the engine
.might.stall unless some means were provided for increased
1oading. Hean effectlve pressures .legs than I5 or 20 ) )
pounds per sglare ‘inch were Hot possible, regardless of ) T
engine speed or air quantity used. ' -’
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Bffect of spark advance.+ The effect of:spank advance
in‘reducing the .output is shown in figure 13(6). 4 re—
tarded spark resulted in violent backfiring gnd was there—
fore’ eliminated from consideration after a few trials.
Both 30° and: 45° B.T,C. spark sdvances suppressed the
backfiring and permitted opeéeration at high enough speeds
and- low ‘enough secavenging ratios to eéross the propeller—
load curve, The steadiest operation was obtained with a
spark: a&vance of 459 B.T.0. o

Advanced Spark and variable fuelhair rat10.— Runs

were nade with. 45° B.T, G,'spark advance and various fuel—
air ratios (flg. lS(b)) in an effort to reduce still fur—
ther the’ enginé power at low air quantities. It was _
found that a reduciion in power. could. be obtalned with
‘either =a rich or a lean mixture, but. the lean mixture
(0,065 fuel—alr ratio) caused rough operatlon before the
propeller—load curve. was reached. The fuel—air Tratio of
0.12 gave..the greatest reduction, but firing was somewhat
steadier at 0.10. The runs of -figures 13(Db) .and 13(c)
‘wore made with an .air guantity .of -8.59 -cublc feet per
minute, As a cheack . & limited number of idling rins were

" also made at air quantities of-4.9 gnd 3.7 cubic feet per

minute with similar results.

Figure 15(d) shows the flnal 1dling runs maede with a
spark advance "of '45° B.T, C. and a fuel~air ratio of 0,10,
1t was found possible to idle to .about. 600 rpm. . These
1d1ing curvés are replotted in figure 12.and give a. - com—
* plete pictiure of net performance oxn .vaporized gasoline,

Idling at 600 rpm is .8een to requlre a. scavenging ratio
of 0, 15. _ . s

Cutting out half of the eylinders in a multicylinder
engine would permit somewhat lower -idling speeds' or more
steady operation of the remaining cylinders at the same
engine speeds. Adjustment of spark advance and fuelhair
-ratlo st11l would-be adv1sable. :

Speclfic fuel consumptlon.— The fuel consumption ob—

tained with vaporlzed and . injected fuel will be dis—
:cussed later. - . v




i

NACA Technical Note Noi'919 17

. -

Gasoline Inject*on " TG

-

=~P_gllminarv runs - Preliminary runs were made at

lBOO-rpm and a scavenging ratio of 1.4 to- deternine a
satisfactory injection nozzle. gnd’ nwozzls position. 1%,
was found that. a. nozzle position on ‘the inlet side of’
the cyllnder, as showid in figure 2(c), gave slightly -
-better "powsr and.that Peak power oceurted at leaner mix—
tures than when othér locations were: used. For these
runs :the spark advancse was set -at 14% B,T.C. and fuél in—
jection was tlmei to start just before the ezhaust ports
closed. (240% 4,%.0.). -Testd with 8%, 12°, and 30° Bosch
Dlntie'nozzles showe& 1ittle dlfference in performance.
The. 12 nozzle was used for all subsequent runs

-- ".. v
- Wt )

The effect of spark adVance at best—power Iuel rate
is $hown in figure 14(a). A spark advance of 14° B.T.0.
was- chosen’ for .the final performance runs, - The effect

of vgraations in fuel rate at 1800 rpm and a scavenging
ratlo of 1.4 were then nade with a gpark advance 'of 14
‘B.T. G.. Tiese curves are shown in flgures lé(b) and il@c)

S

The ‘sfTect of variations in the injection timing is
shown in figure 15 at 1800 rpm, scavenging ratio of 1, 4,
sparl advance of . 14 B,T.G. and . best-power-*uel rate, aS'f
previougly determlnei., JIn order to make 1% possible to 7
adjust fozr: any deslrad 1njection angle, the position of '
the pump dz:ve coupllng correspondlng to start of. injec—:
tion at- 240 1-5 S. was . &etermined by observzng the fuel
about 1500 rpm with pump deiivery adjusteéd to corre—
spond approximately Lo best-UOWer fuel rate - at this speed
and s scavenging ratio of I, 4. 7 The pump drive cpupling
was marked for-this timing, ana ‘other - 1njections adjust—
ments were-made” by changing the coupling by theé desired:
angle._ Small’ changes in actual inJectlon ﬁlmlng are ‘to
be expected wlth variations'ln punp -speed and fuel rate ~
This method was con51dered safficlently accarqte, how—
ever, because the output is not wery sensitive to small
deviations from the optimum injection pimlng. The aeffect
of injectlon timing at. three- wx&ely diffeéfent speeds and
air quantitiess is'shown insflgure 15.: For ‘these nuns,
the nmaxinum power, .or. the best economy fuel rate, was i
firet. determined 2. an injection” timlng -of. 2460 A, T C
Since the,exhaust ports closed at 245 llttle or no

-
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fuel would be lost from fthe exhaust at this injiection
timing, The fuel rate thus determined was thereafter
held COnstant for all inJeCtlon—timing runs, -

. It was™ fOund that for all the’ speeds anhd 1oad3
tried, an inje¢ction timing:eéf adbout 200° &.7,0., ‘resulted
in sgkximum output. This value was ‘therefore chosen as

~g- 2008 ‘compromige between homogeneity of- ‘charge and
lobs of fuel from the exhsust. Figure 16 shows that, if
thé fuel loss.caused by earlier 'injection timing is made
up by inereasing the fuel rate, the increase in power

‘caused by the.improved homogenelty is sufficlent to com—
pensate for the fuel 1644 and the brake specific fuel con—
sumption is acttally lower. It would appear that further
study of thsse efifascts would be,w:rith wbile. With the
extremely small fuel quantities roguired for idling, it
wasg- antlclipated that fuel pump dhlivezy would be morse
cbhsistent if- lower injection preseures could be employed
1t was found tliat, as long aw there was enough spring
pressure %o hold the injection valve against 1ts seat,’
wide variations in dinjection pressure had no noticeable.
effect on output.

. . Power runsg.— Power runs were 2ll made with 100 oc~

tane gasoline, injection timing was held constant at 2009
AJT.C.3 and spark ‘advance was held constant at 14 B.T.C.
In other re3pects the runs were similar to those with
’vaporlzed gasoline except that & series of fuel rates was
run at each speed and each scavenging ratio. These ad—
ditional runs were necessary because the quantity of air
remaining in the cylinder, and therefore the best fuel
reto for a given gonditlon, could not be determined in
advance. Both the maximum ‘brake mean effective pressure
and the minimum breke specific fuel comsumption could be
obtained by operating over a range of fuel rates at each
‘point. Typilcal fishhook eurves o¢f brake specific fuel
consumption against brake mean effective pressure are
shown in flgure 17.

It was found that, with fuel injection, backfiring-
and prelgnition of the fresh charge were absent. The
principal reason for this absence is undoubtedly the fact
that no fuel was introduced unt il roughly 70% of crank
travel after the start of 'scavenging. The limits of = op-—
eration were marked only by irregular misfiring. 4% high
scavenging ratios, the fuel rate could be varled from
richer than best power to leaner than best economy before
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encounbtering irregular”cpéreuion. £t low scavenging
ratlios, only that portion of the fishhook curve corre—
sponding to the richer mixtures could be obtained

Idling runs.,— Preliminary runs had indicated that

aniinjecvion timing of ZOOONA.T C..wag alsc optimum for
low air quantities, -(See fig. 15. ) Therefore all S
idling runs were made with this injection timing. At
each speed and scavenging ratio, as with the power runs,
a wide range of fuel rates was 1nvestigated An gdvanced
spark was found to result in markedly lrregular opera—
tion. This effect was believed to be caused by the
shorter time available for proper mixing of the fuel and
air, A SImilar effect often has beexr noted in four—
stroke gasoline engines operating with direct cylinder
injection. For example, a 'spark advance af 40° B.T.C.
would permlt only 120° of erank travel hetween the start.
of injection and the’ ignltion of the charge. A retarded
spark (T.C. ) resulted in slightly smoother - operatlon at
scavenging raties above 0.5. Below this valuea the
standard 147 BY T,8, advahce waé. equaTIy good,’ however,_
and it was theéerefore decided to operate 5% this a&vance
for. all idling runs. Co o .

- Figure 18 shows performance u51ng 1ngected gasoline
with scavenglng ratios down to 0.2.  Satisfachtory idling
was obfained as low ‘as 480 rpum:with & net brake ‘mean ef—
fective pressure of 6 pounds ‘per square inch . At 1800

rpmn and a scavenging ratio of 1.4, a net brake mean ef—.
fective pressure of 100 pounds per square inch was ob—.
tained. This result is the 'same as-that obtained with -
vaporized Fuel "and indicates comparablé combustion ef—:
ficiency. In other respects the curves are similar to
those of figures 7 and 12. As previously mentioned,

the fuel rate wad nuch more critical at thes lower scav—
enging ratios,

" Owing to the success of the. idling runs with normal
injection, only a few eprriments wer.e mads with fuel in—
jection on alternate strokes. It was establlshed how—
ever, that little or no reduction power resulted because
additional fresh air was supplied during.the second.
scavenging period. - 1t is possible that lover scavenging
ratioe could have been employed under these conditions,
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Injécted'Séfety Fuel'

The setup, the auxillary apparatus, and the general-

procedure used with safety fuel was the same as that used
with injected gadoline. .

Injection timing runs were nmade at 1520. rpm, an air
quantity of 73.6 cubic feet per minute, and constant
fuel rate, to determine whether the reduced volatility
of the safety fuel would requlrp a chenge in tining.,
Spark advance was held at 14° B¢ s¥of¢ "Ah injection timin

of 210° A.T.C. was found to be optimum and was used
throughout? ' ' S ’

At each air quantity, fishhook curves were obtami=ned .
at varlous speeds, exaclily as wlth the ‘vaporized gasoline.
Power and fuel consumption obtained with the safety fuel
wore almost the same as with gasoline, 'Idling runs werse
made without changing the spark:advance.. The resu;ts of
the power runs are shown in. figure 19. - - ..

‘One serious trouwble. encountered with the safety fuel
was carbon formation. ‘Apparently some of the heavy ends
did not take part in the combustion, and deposited on all
parts of the combustion space, including fhe fuel nozglee.
Although the Fuel” was 95 octane, preignition and detona—
tion rwesulted, even at fadirly low .air qnanblties._ In one
instance carbon on the fuel nozzlo Interfered sufficiently
with the spray to affect seriouasly the engine oaperation.
Carbon formation with gasoline was: negligible, although
lead deposits on spark plugs required attention at long
intervals, Idling with safety fuel appeared to. be only
slightly more dlIflcult than with gasoline.

Brake Specifid"Fuel Consumpt ion .

Yaporizod gasoline.— When the fuel—air mixture is
used for scavenging, 8peclfic fuel cohsumption depends
upon the relationship between power and scgvenging. ratio.
As the scavenging ratio is intcreased, eéngine power in-
creases but more fuel is lost out of the exhaust ports
during the scavenging process., Fubl used will bo egumnal
to alr supplied multipTied by the fuel—alr ratio:

Pounds of fusl

=S.R.Xpi'xvdx—-'9-—————-rmxsoxr (1)
hour

1728
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-The.net drake mean effective pressure required for a
propeller, load-is showh in figure 12, Thls curve -is pro—
portional . to (rpm)? and is drawn through an arbltrarlly

chosen “‘ull throttle™ point ‘at an engine gspeed of 1800
rpm. and a scavenging ratio-of-1.4. Brake sneciflc fuel. -
coﬁsumptlon .may be calculated dlrectly £rom . flgure 1B By
using. equabion’ £3). Cur#es o;'specrflc fuel consumption-
against enginse’ speed ‘wére calculated fqr propellnr loa&
full~tarottle, and cruising’ condltWons and are plefted

in figure:20. - The throttle position for cruiging was
chosen to glve propeller —load power at 155¢ wpm. _As
previously mentioned, ‘& geared cbnﬂrifugal'~anerqharger
Having an autlet pressure sprioparbidnal to (rnm)‘ shouLd
supoly, at fixed .throttle; a nedfly’ consbart scavenglng f
ratio: over a range, of: spesds., iThe- observed’ scaveﬁging
pressures for various censtant.: scavenglng ratios were .. :
'plotted agarnst.snglqe speed, glE s - done er 111am1na¥—_

R UL
L e ~ .l L. . o S
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ing gas in figure 5. If e line of pressure proportional
to (rpm)? is drawn through the point corresponding to
full throttle or cruising, it 1s possible to obtaln the
actual change in scavenging ratio as the englne speed is
reduced under these conditions.. The corresponding air
quantities are shown in figure 21. This figure also ia—
cludes the air quantities reguired on the propeller—load
curve, Stralight dashed lines of- conbtant édcavenging

ratio are shown for comparison with the consbant—throttle
lines, e .

In.reference to. figure:20, the high brake specific
"fdel codsumpbtien near full-dhrobttle-is.due to the rela—
tively large scaveihging ratio used, with the attendant
loss of fuel from the exhaust in, the exgcegs scavenglng
air. As the engine is throttled,  the brake mean effec—
tive pressure falls off pore slowly than the scavenging
ratio, and consequently, less air {(and fuel) 1s wasted
and the briake specific fuel ‘gopsuBptioh improves, At
low speeds and, low scavenging:ratios; a small reduction
in scavenging ratio. produces a larger reduction in scav—
enging efficiency.and power quiput. It is alseo probable
that the port shapeées and the timing até not correoct for
low speeds and low scavenging air velocities. The high
percentage of residual gases inhdoubtedly increases com--’
bustion—time losscs. The foregoing factors coupled with
a decreasing mechanical efficiency lead to an incroease
in bralke specifib-¥flel cowsumption at low outputs. The
minimum brake specific fueél consumption, which occurs at
about 1280 rpm, is 0.8256. All values of brake apecific
fuel conpsumpltion are high: compared. with an -equivalent
four—stroke engine. Although few.runs were made at other
than a fuel—air ratio of O. Q76. with vaporized. gasoline,
the dafa from, prelim;nary runs indlcates that brake
speclfic ‘fuel. consumption nay be. reduced. roughly 12 per—
cény . by running.at. best . economy instead of-best: power
fuel=air ratioc. THKS curves of. brake specific fuel con—
sunpbion at the fikxed throftle sebtings reflect the -
trop’ in mean efféctive.pressure atb reduced speeds and
constant acaVenging ratlo, as shown in figure 12.

_Injected £¥soline.j From the standpoint of fuel— 

pump osontrol it.1s of. interest to know the fuel” require—
ments of .the engine- in weight off fuel pelr working stroke.
The : WGlght of fuel Pequired. per stroke for best Power,
plotted againgt engine speed for varilous constant alr quan—
Gitieg ;- is -obbtained directly. from the test  data’ and is shown
in figure 22, The fuel required on the propeller—load curve
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13 obtninable by noting the engine speeds at which the
;ropeller—load curve intersects the lines of constant
air guentity in figure 18, From~ figure 21 the air quan—
tities that would beé supplled over the speed range by
the scavenging blower at full throttle, or at ecruising
throttle, may he obtained. These values of air quantity
anéd .engine speed may be plotted on figure 22 to give

the fuel—pump—delivery requirements for these two threttle
settings,

A% full throttle with the-scavenging ratid somewhat
above 1.4 for most of the speed range, the fuel required
per stroke remains nearly constant for speseds above 600
rpm. At cruising condition, the scavenging ratio is also
nearly constant over a range of speeds. It will be seen
that somevhat more fuel is required per stroke at the
lower speeds, Since net brake mean. effective pressure
(and indicated mean effective pressurs) is less at these
speeds (fig, 18), the quantity of fresh air remaining in
the cylinder per stroke (scavenging efficiency) probably
also is less. Thus the extra fuel supplied is not con—
sumed as efficiently, if at all. It is probable that the
scavenging flow changes at low engine speeds and low
scavenging pressures. This result may interfere with
estbablishment of charge homogeneity, thus requiring a
greater quantity of fuel to utilize the air present, or
it may be that under these conditions more fuel is lost
through the exhaust POTUS. Figure 15 shows thatb optimum
injecetion timing remains a¥% 200 AZPc8. This result
would seem to indicate that the relative importance of
homogenoity and exhaust—port loss remained the same.

Both factors probably become worse at low-speeds and
scavenging pressures. -The increased quantity of residual
gases present with poor scavenging may require rich mix—
tures for best power, but this possidility is thought'te
be unlikely because the occurrence of increagsed residual
goses does not affect the fuel—air ratio for best ‘power
in four—sitroke engines (reference 3, p. 144).

The fuel quantities required per stroke at fixed
throttle are constant enough so that a2 simple linkage
connecting air throttle and fuel pump could be used and ]
would give a prefletermined constant fuel quantity at each

throttle setting. The fuel required per stroke falls off o

on the propeller—load curve as the alr quantity supplied
becomes less,
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'”“uéiiair ratio Bupplied.— The fuel—alir ratio sup—
plied is plotted against engine speed in figure 23, The
1neffective upe of the fuel . supplied, .at the lower engine
speeds, is reflocted here as ah increase 1in required
zuol-wlr rat1os. The higher scavenging ratios used at
fall-thfobttle mesan’ that much of the air supplied does not
,omamq in the cyllnder, thus: the best power fuel—air
ratio for full throttle’,” baded. on total air supplied,
appears as the lowest curve in this figure. :

Figure 18 shows that the mean effective pressure
(1nd therofore the’ duantity of fresh air remaining in
tho c»llndor per stroke) is fairly constant above 600
rpm 1f_the hhrottle position’ or §cavenglng ratio ia ‘held
constant. Since the fuel-air ratio supplied for best
power is also. pearly constant abeve this. speed, it would
appear that the factors influanolng the utilization of
the’ fuol supplied are constanv at the higher engine
speeds‘ 'ﬁ -

I - . A Yoo o- . .
: e e P00 - - B -~

"The net brake specific fuel consumption for the in—
jected—fue1 runs is ohtaine& most easily from the pounds
of fuel por stroke VI figure 22 and 'the corresponding .-
net - Brake ﬁean effective pressures of. figure 18,

lvet :bsfc (1b/hp_hr) ,_._}_b fuel . ~,rpm. x 60 x 33000

, S stréke T net bmep X g%"rpﬁ'
;'-"'_'"f_j.."'. Tlad swer’ Ll L. T L L
' ‘Stroke © s

R e — «% 249 ‘x 10
A net :bme,P . o ST

Flgure 24 pres}nts the net bnake speclflc fuel consump—
tion nlotte& ‘agdinst. epgine spaed for various constant -
air quantitles._ These v.alues were. obtalned at the best—
power fuel Trate. ' An inspection of figure 17 indicates
that the use of a best econony fuel.rate would improve
these values: ahout 10 percent at the higher outputs.
With very low ailr quantlties satisfactory -operation was
.not obie inable at minimun hrake specific fuel consumption
¢uel raue.. . L . - :

T For Oadﬂ'éir’ﬁuﬁniity shown in figuie;24;'fheré 18
an ongine speed at whioh net brake specific fuel con—
sumption is a minimum., With constant air quantity, the



NACA Techniesl Nofe No. 919 25

low scavenglng ratios associatad ‘'with high engine speeds
result in poor scavenging and wasted fiel caused _by four—
stroke and six-stroke operation. " This- effect causes

the brake ‘specific fuel consumption curve to rise at

high speed. It is interesting to note that, at higher
spoeds and air quantities, the brake specific fusl con—
sumption is not greatly affected by large changes in
scavenging ratio. This result may indicate. that the per—
centage of the fue€l lest from the exhaust was mere or less
independent of scavenging ratio. The losses associated
with low output, as already-~discussed, are evidant in the
curve for an air quantity of 24.54 cubic fest per minute.
The values of brake specific fuel consimption for the
very low air quantities are not piottsi, Taey are higher
and more scattered, owing to the rich nixtures rezyuired.
and the four—stroke and six—stroke operation enccuntered,
Fuel consumpition was not considered of particular inter—
est at these extremely low outputs. ZFigure 25 shows ne?t
brake specific fuel consumpition on the propeller—locad
curve and the two chosen constant—throttle séebtings. The
brake specific fuel consumption is seen to be guite reg—
sonable for an engine of this sigze in the usual operatlng_ o
range.

Figure 26 shows the motoring frlction mean effsctlve '
pressures measured on the M.I,T. engine at various en—5-
gine speoeds and scavenging pressures. These curves show:
the usual rise in friction méan effective pressure with
engine speed. _The 'reason for the increase in motoring
friction mean effective pressure with scavenging pressure
is not apparent. Oylinder pressure acting on the piston
rings may be responsible. The relationship between the
sactual friction mean effective pressure under firing con—
ditions (imep — bmep) and the motoring friction mean ef-—
fective pressure is no% known. The points shown in figure
26 are the average of several determinations; consistent
values were difficult %o obtain, even though great care
was exercised in keeping the temperature of the oil and
the water Jacket copnpstant.

- s - -

CONCLUS IONS.

From tests made with a piston—ported two—siroke
cylinder of 4%—1nch bore and &—lnch stroke, it has been
concluded that:
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B N Fuel 1nject10n dlrecily into the cyllnder of'
the two-stroke .engine 18 t6 Ve preferred over $he use.
of & pre~m1xed ‘charge for the following reasons:

{a) Specific fuel consumption could be reduced
to filigures comparable With small four-—stroke air-—
craft engines. o -

(%) Idling wes possible without backfiring or
preignition and without change in engine adjustment
other than reduclng the scavenging pressure and fwel
rate.

(c) At engine speeds above 600 rpr, the fuel
quantity required per stroke varied principally
with throttle settiing., It would therefore appear
practisable to control the fuel pump by meane of a
gsimple linkage to the air throttle.

7 {(4) Net brake mean effective pressure with in—

jected Tuel was just as high as with vaporized fuel;

" that s, about 100.pounds per.equare inch at an en—
aine speed of 1800 -rpm and a scavenging ratio of 1,4,

2. Barly injection*timing (200 A.T,C.) was neceasary.
under all conditions; probadbly owing to the effect oun ..
charge homogenelty.' ‘An advanced spark résulted ‘in irregu—
lar operation with fuel 1njection, probably for the sqme
reason, .

3, Since optimum fuﬁl-injection'timing rengined tﬁe
same at low speeds, although there ‘was evidence of in—
creased.- fuel..loss, it would appear: that both charge homo—
geneity and fuel loss from the exhaust became worae at low
speeds,

4. With a given scavenging ratio, reduced nean ef—
fective pressure and increased fuel losses ozaurred at
low speeds with all fuels and injectiorn svetsia,

5. The use of injected safety Itvel is noi rTecommerded
on account of its tendency to deposit corbon on combus—
tion—space and nozzle &sUrfaces.

6. Operation -with fuel mixed with the scavenging air
resulted in cruising fuel consumption about 70 percent
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higher ard in fuli—throttle fuel consumption about double
the values obtained with injected fuel.

7. With normal spark timing and fuel—air ratio,
backfiring with vaporized fuel seemed to be a function

ef scavenging ratio only and occurred in the neighborhood
of 0.235, regardless of engine speed.

8, Idling could be accomplished with vaporized fuel
by advancing the spark and uwsing a very rich or very loan
mixture, The use of & retarded spark resulted in violent
backfiring. '

9. The use of four—stroke ignition was not a satis—
factory method of reducing power for idling purposes,

10. A high specific output was attained with the en—
gine, namely; 2.73 net brake horsepower per square inch
piston area, at the rather moderate piston speed of 1800
feet per minute. This result, together with its great
mechanical simplicity, would seem to make the type at—

tractive for development as a low—cost airplane powsr
plant.

Hassachusetts Institute of Technology,
Cambridge, Mass., January 1943.
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Figure 3 .- Engine set-up for cylinder injection.



GROSS B MEP,LB/SQ IN.

100

g MIXTURE VOLUME,

— Cre

D80

g
J

ehfuad)
]

a“\bar

_/’_;f A

/

N

71/

Y,
A
Bl

i

N
‘5%\\ . :
7}~\~~\\‘7 11ﬁ“‘saas
X S0 |
=—igam
ENGINE SPEED, RP M
0 400 060 [TTe7)] — 1600 866

Figure 4.~ The effect of engine 3peed on gross brake kean effective pressure for

various mixture volumes; s
0.227; illuminating gas.

rk advance, 14  B.I.C.; fuel-air ratio,
Volume measured at 750F, 29.9 in.Hg).

‘oN 930N T®OTUUOaY VOVN

6186

¥ 314




SCAVENGING PRESSURE DIFFERENCE, IN.HG.

NACA Technical Note No. 919 Fig. 5

TN\

{o] \ \4\
N \
& \NEANEA VA
Z W. \.\ ]
; A\ |
\ )

3
=g
//

v
>

2 \ A\ W
\ \ \ \ '\\'\
\ \ \ \ W\
J AY ANEEANEEAVERY
9 \ A \
.87 \L\ \j \\.\
e NEANNA WAVENLY
: NI VAEAY
, AUNNEARMEAN
3 Nk
ENGINE SPEED, RPM X10 | N
2 5 4 3 2 8876 5 4 3 2

Figure 5 .~ The effect of engine speed on scavenging pressure
difference at various scavenging ratios; illumina-

ting gas.



NACA

Technical Nots No. 918
Wad o ‘IANNTOA IABNLXINW

Flg. 8

| 1

4
- O 2187 A
*rf, of: 14, M i | rm%.n n .npn..: .m-...~ ﬁu-—b I3 L = m
£ .,.m” FTEN T AL W) m .ruw
H S ) = ] ] : ] "H._. ..4.‘ “ M m “
L gl SiEEan i Tt 8
Eaigima ) * H- * m
e P e 3% IRTSE 3 S (1]
FS T EH B - SR Q4
b 08 O L Y ST S TSP R ) I .
T ET 0 SR £ 400 3 4
AT t_ AP g . Gt
g LIz LRE3 52 20K I 3] ﬂu
. Fpr |-
B e B} 2 .. " LWL |
— - : n R :
[~} 3 I s 4 DO en
il , kP =14
HEDHT N . w -
EERE: L 5 ud
; . g A M.u ... "w m
: O SN G S S e m a.| Ao
H TR 1% B . o A
N R E=5E N S .
x g e o1 £z 194 -un-mw . o &
iy Tuf faave A T N 3 . ¥ )
B R | 3
= Eas TN _ JEINE JEPRY L P I R i i W
_ L e e L {
¥ Ll B T B ; -y . X135
e i LT AR 3 L0 G Y ® 89
1w Toiey e ; (7% - T <t fnse A
. mma dn = =} =1 R L O . XL o
e it o T It g 30 I 15 Fm. m L)
b-- T = 3 3 Jalid g -1 - o > o
et 3 s Ir..A st T _,ﬁ W 0T XY B 3, T TS W...h.rn mw nm
H T - - Hhm [ERE 000 JRRY 25 W EPC 1 i NN g 1 1 ]
* 11y . oy TR LT F - 1Y -1 4 [
e Lo srb ias s 23 CE: s =% EE "G ok 3= 0y T TR (T1] ="
h P ...mrlq H i 13 .L,.L PMm.I 150 ) n u
L ¥ 13 Xy, T 134 HH N . ¥ .
T T 2 3 s L LK alE - Bk . Q m
: = 3 F SIS IZRIFIDECIIICE EAE :
an e Sl i S B o8
|37 305 + k115 SR M
. 4L gy T 3 ek RS B HRES : m g
5 E o3 Mﬁ.l.lfi S as i e Rt 3 SpANE T W i ) 0
g T : L ‘L TSI ACIEE MR Ty - *
T e 1%
H e HT u.uilﬂ E= LENS oL N '
Zfzanifts = = ia an I TaLE 55 H [0 508 L ks Sl RO = 0
-+ 35 1= 3 iEn 378 32 E 1 AEE: oIT, o>
f : L : HoEed i [T 1 8
: R iE s $ B e b & ©
o 255 o R 22 T . &
CrE R e P i @ m
HoreteR )
T FEETT - . m
1.1
; ) ) t
.
- w0
H: ¥ ¥ ! - [ H]
i < z o ﬂ
7 H .Lw.m.‘_” Faigt iain . -] 1:% 15 I
] OH FON3INIAII0 JUNSSINd ONIONIAVOIS THF-]—- =
b J...nwhu

ma




NET B M E.P,LB/BQIN.

TR o
e

=-a=-asa

T

3
™ war P
e et el peF:

i e
H ‘ | mam oy
T b T

ENGINE SPEED, RPN |

400 0 %00 000 L T —
Figure 7.~ The effect of engine speed on net brake mean effective pressure at
various scavenging ratios and mixture volumes; spark advance,
14° B.T.C.; fuel-air ratio, 0,227; illuminating gas.

CiG o o730R TEOTUUOA]l VOVN

*31d

&




NET BMEP, LES/BA IN.

NET B MEPF, LBS/$Q IR

T

T - - FUEL-ARR RATO
' . . 0227 —
ORBE s i b
0383 = me——

2
:. ‘PROPELLER  LOAD .
: _ .
" ih ; a : -r.'.i':
: e —— AT .. . L L THEH T R H -
Tl o eeeee seee, wpw EHERTES T e AT Rt L 1o AT
400 ©0 800 000 1800 MO0 '} 200 400 00 500 000 1200 WO

Py v:i:g? fﬁoﬁ‘,'%jc?’:‘dfﬁﬂ{;‘{f.’ﬁig?éf %3?‘ (v) The effect of fuel-msir ratio, Spark edvance, 140B,T,C.

F | RSPTANN PR O CLutit 3t i I L Ll sl R e
SPARK  ADYVANGE, "0.T.C. . * ;5;!;:;;:[9.!"!;[ L
" o : ii
- u e H
2
P S O STV I
B0
........ !
’ - o
' 2
: \ - = D N D N N B
. . . Y
Bl e ¥ JE J =)
: . . PROPELLER  LOAD .
— = -_._\\-};}\ / a® :
) /e . === (] |th
g ' B & Iy
0 a [
\- ' it
1 Al IR s
v : { - X "‘-\:!’m H lt' H
i o ) R e :! {A. HiH
A L S0 | ewemn seaxo, mem o BT R
o). :oo" : o= : . R | ERT R
(c) The effect of spark advance. Muel-air ratio, (d) The effact of fuel-air ratio. Spark advance,
0,227, 450B.T.C.

Figure 8. - Idllng runs showing the effect of fuel-air ratlio and spark advance on

brake mean effective pressure at various mixture volumes; illuminating
gas.

8T8 °"ON PqON TEROTUUDAL VWO¥K

g 314




HET BMNMEP, LB/SQIN.

1 1 —
F/A RATIO, 0227 | . % -
SPARK, 14° BT 0. N N L

F/A RATIO, 0.133
SPARK, 45°B.T.C.

"i Wi .l SR
-!EI!!!H: |!!.'lu'-

. :
H . RHHE S
H N L
Hi.dBHE s ’ % o
HHIH h S T
i i HHELS [P P
4 HIT 3 AR HY CH S
: .||.'. 1 Y SO
1 LJESY L JRRSUFT ML I VERY1 T VR ATTPVTY JERY 311 i ;
: ! T I AR i
tHi ' ENGINE SPEED, RPN [)iidl|inilli
! . . wa PHI
+702+ B

Figure 9.~ The effect of engine speed on brake mean effective pressure, for
el small mixture volumes; illuminating gas. (Final idling rums)

€18 "ON 510K TECTUUOSL TOVN

*51d



NACA Technical Note No. 919 Fig. 10

T::-W-T T j -_----ﬂ.ﬂ--j
MM IE. W . “ A
R I CL ETES 3 RN
IRV 1 i
HitiHil :
e | - ]
100 e S RAS
o R e T L | '
w T11E ) i PR e PP EEET = 1 y
g'z' ook-+ { N EREES | nankaiif: '
1 y AERRdxaliiauladdinny : ' ;
mg i3 SRERSRJdR SRS iAn 11Tt , H o HE T
893 TR T e LT % FIHHEHE N HHH: ‘ L
& 1‘1"._' HHTTHET T FUEL-AIR RATIOD t | -
80 .!__ F o L . -1t 41 [. | E [ -
d ’ 06 10

(a) - The effect of fuel-air ratio on brake mean effective
pressure.

parssnnl et S S el
e o 2 A TN S g L A A
S e e L AN E A n s a Y
ilc-:iw. i u}. . 'T.;“ﬁi '= ll
oof= I " ]
T TTTI]
i -- -H‘- LT 2 ,.':..l | t'_ :
a; - N 1T ECr 10 1
=Z sof- ses=li _ - telictly
22  Fi :
gq Bl £
g rl-[ 1 SPARK ADVANCE, °B.T.C.
80 . i

4 8 12 16 20

(b) - The effect of spark advance on brake mean effective
pressure.

Figure 10.- Determination of best fuel-air ratio and best
spark advance; vaporized gasoline; mixture
volume, 98.2 cu ft/min; scavenging ratio, 1.4:
engine speed, 1268 rpm.



SROSS B MEP, LR/SOIN

NACA Technical Note No. ©19

Fig. 11

o}

N

% 13
N s
R
R e ..-'::-:
\\ e l.-i.-
\\\

WEER N}

N |
AN -

e

AN

|

Figure 11 .- The effect of engine s
for various ailr quanti
14° B.T.C.; fuel-air ratioc, 0.075.

400

€00

00

400

eed on gross brake mean effective pressure
ies; vaporized gasoline; spark advance,



NET B HEP, LB/SOM

3

)C\ 1

;

/

%’.
I

—F T
. e P ' W
. . E \\\ :_%.
L~ N Toes
~wl
Taes
- H ST . ‘&‘
’ et e el c | ™~ ENGINE SPEED, R.PN.
%" 00 400 #00 300 1000 00 W55 RoD 5%

igur ~ The effect of engine speed on net brake mean effective pressure at
¥ ° 12 variouns scavenging ratios and air gquantities; vaporized gasoline.

"ON 830K T®OTUUOS] VOVN

816

g1 314



NET OMEP, LE/SQIN

NET

BMEIP, LE/AQ IN

316 -oN 830 TeROTUROeL VOVN

ffect of air.quentity. Spark advance,
fuel-air ratio, 0.075.

T T T T T T--F -
oo
I C 2\\1& : |
_.mmM.__ Lo m wl
. _ . \ PROPELLER r?a_ M.
S G B \ oLz Lok S et
T TR RN _ T
LS wwemx weeo, mew| |
(b) The effect of 1.alr ratio. Spark advance,

459B.0.8.: 8.59 cubic feet per minute,

& 3

Yy

~
-

2,>>
e

PROPELLER LOAD

S
<)
e

,y\
P ,It

b

7

%2
%
L/

ENWINE SPEED, RPN

s A/ /N

!

P M Tt T

T 7 . Pt

ENSNE SPEED, RPM s

—] - .

|
(¢) The effect of spark advance., Fuel-alr ratio,
0.075; air quantity, 8.59 cubic feet per minute.

] 200 00
(4) The effect of air quantity. Fusl-air ratle,
0.10; spark adwence, 45°B.%.C.

Figure 13,= Idllng runs showing 'the effect of engine speed on brake mean sffective pressurs for variouns

fuel-sir ratios, &lr quentities, and

spark positions; vaporiged gndoline,

g1 314




¥ACA Technical Note ¥o. 919 Pig. 14

Z
a
~
-]
-
o
u
3 ;.
o 04
N
] :
x .
S 100
SPARK ADVANGE, "B TC. |
95 N . . .
0 ry 8 12 16 20 24 28
(2) The effect of spark advance on brake mean effective
pressure, fuel rate, 288 cc/min.
Z . 1 : -
o - O [ B
@ e i U N
- °/ : B A, e
:.! 1o ' R \ B S S
@ / SERRETIN FEESERTURY EOERT TRPEE DU R S RS
3 loe. . . '..l'. '::‘I' [
g .. \ o .‘.’ . |E LT
|0 TH|NT FUEL RATE, GG /MIN :iiiiil:
220 240 260 260 300 320 340 360
(d) The effect of rue% rate on brake mean effective pressure;
spark advance. 14° B.T.C.
g | | |
g orof—— 1 — =
§ haid ¢ : IS PR & % :
o P 1. K
a
S :
[ 4 -
o . - .I. .....
DI | ' FUEL RATE, CO/MIN ' il' .. ..
0402 240 260 280 300 320 340 360
(e) The effect of fuel rate on brake specifilc fuel
consumption; spark advance, 14° B.T.C.
Figure 14.- Preliminery runs with injected gasoline; injection

angle, 240° A,.T.C.; engine speed, 1800 rpm;
scavenging ratio, l.4; 30° pintle nozzle.



NKACA Technical Note Ne. 919 Fig. 15
-
> &'0'0\(
e ENGINE SPEED, ISOORP.M
AIR QUANTITY,39CEM-
. 30 PINTLE NOZZLE
_ ]
100
-90-
2 "BEST POWER '
: FUEL RATE
@ 80 ——
~ \J )
@ g e ¢ .
- o
w TS L
= BEST ECONOMY .- ENGINE SPEED, I520R PM.
© ! | 1 FUEL RATE. 71> AIR QUANTITY,73.6CFM
o g . SN v - = ZIITE 12°PINTLE NOZZLE
b7 b e - - - —_ P Ll
a 40—6_&
x
o
LT 1 ENGINE SPEED, 400RP M
- [7TTITT=L AIR QUANTITY, 9.8 GFM
t-————1 I2° RINTLE NOZZLE
= e p e e
RS S R L — | I ~
PRI SR N ——— -——
M AT S T NI 1
ERe 1 T " J_t :
. [ | I r . ]l
G A A RS M B B o W r ST .
N, M :&':ID_r'l |41J1L T v JJ:LL W
:_‘—' LTJ: - DL LA 3 2 L l...‘“;TE jL 1 H iy ]
pte = ——T1 INJECTION ANGLE, A,T.C, =1+ T
o 'L'J';'4ri IH H i :, 1
120 140 160 180 200 220 240 260

Figure 15. - The effect of injection angle on brake mean
effective pressure for various speeds and air
quantities; spark advance, 14° B.T.C.;
mjecte% gasoline. Best power fuel rate except
as noted.



3
[
m
=t
[#2]

qalhA Technical Note No. ©1¢

IR (INJEGTION 240°A.T.C.#
AU TR ISR INJEGTION ZIO‘ATC.O
' R S s o f I .
76—

741

72

GROSS BMEP
LB/SQ IN

70

070 P
vy FemEEmET T ke e
w £ g
m
% 060
(7, TS . .
[ : .
[o ] N .
o -
050 b - - o ——— §om e ————— k. Rl e e - . B
e R TR B
S S | - - ~
[ Z=——[7-'==5 FUEL RATE GG
Simenpinad) Sl E /MIN )
70 180 190 200

Figure 16 .- The effect of fuel rate on gross brake mean effective
pressure and gross brake speciflic fuel consumption at
two injection timings; engine speed, 1520 rgm, air
quantity, 73.6 cu ft/min, spark advance, 15° B.T.C.



LB./HP ~HR.

GROSS BSFO,

Nirli Technical Note No. 819 Fig. 17
1 TR : HH e e e R e R R T
- i J_Ll_l'l Tt } a8 Lir-—u TH Y
: T AR QUANTITY, 982 CF M
e e e e O e
1o 0
<
09 g o9
2 N
i &
Q.h : f as
-
-
o7 4o a7
"
E
o.e% 1« 06 .
e R
e ¥ =
os C. @ os—
04 o4 f——t o
0.3 oal—
GROSS BMEP, LB /SQIN. | . .} ;. GROSS BMEP, LB/SQ.IN.
; L o -

GROSS B S F G, LD./HP,~ HR.

°%5

90 100 1o

120 130 140

180 80

80

0o

120 130

R dood i
AIR QUANTITY, 73.6C FM

OROSS B $FG,LB /HP-HR

°%s

7 ®0

Figure 17. - Ty

spark advance,

200° A.T.C.

oRoss BMEP, LB./SQINI: :
eo 100

ost

1o 20 30

14° B.T.C.; injection angle,

pical performance curves for injected gasoline;



NET BMEP, LD /SO IN

Figure 18. - The effect of engine spesd on brake mean effective sure at varioms
BCAY ratios and alr quantities; injected gaso ; spark advence,
14° B.%.C.; best power fuel rate; injection angle, 200° A.T.C.

6I8 °OR 930N TWoTUWORL VOVN

BT '3tL



LB./SQWN.

NET BMEP,

SCAVENSING RATIO —
AR QUANTITY, G.F M —--

(Ju ﬁ(min]

Jfé\' R

~ “rag
e
P4 i
]
A =
_'F'_j!':[ﬂ:_!-'!!;'-_m_/ ENGINE  SPEED, RP M : '
% £00 400 00 800 [ 200 100 ‘%o' 1000

Figure 19. - The effect of engine speed on brake mean effective pressure at various
scavenging ratios and air quantities; spark advence, 14° B.T.C.; safety
fuel; best power fuel rate; injection angle, 210° A.T.C.
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Figure 22.- Fuel quantity required per stroke for various air quantities and

throttle settings; injected gasoline; best power fuel rate; spark

advance, 14° B.T.C.; imjection timing, 200°

A.T.C.
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Figure 25.- Het brake specific fuel consumption at constant throttle and on a
propeller load curve; injected gasoline, best power fuel rate;
injection timing, 200° A.T.C.
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